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to the mismatch of coefficient of thermal expansion (CTE) could be produced during a fabrication process because of a change in temperature. More specifically, the residual stresses could be generated through a large temperature span between the soldering (or bonding) temperature of the materials (as high as 200°C) and ambient temperature (possibly as low as -40°C).
Under our research program, efforts were made to reduce thermal residual stresses, especially bending moment and peeling stress, in the integral finned substrate as well as to enhance the heat transfer of the cooling device and to minimize the flow pressure drop across the cooling device. As a result, new coolers combining a copper fin array and an aluminum nitride substrate were developed.
The fin array consists of a number of plain fin strips and has discrete contact areas on the substrate.
The fin strips can be offset or aligned in flow direction and there is a small gap between two consecutive fin strips. With a proper arrangement of the fin strips, the cooler can dissipate the waste heat from the electronic device at levels higher than 40 W/cm 2 with an allowable substrate-to-coolant temperature difference while it still maintains low flow pressure drop (less than 0.02 bar).
The fin array in which any consecutive fin strips are connected in offset arrangement is called the offset strip fin. Numerous researches were done on the offset strip fin [1, 2, 3] . Manglik and Bergles provided a thorough review of the experimental investigation of offset strip fins [3] . They showed that the only broad-based correlations for offset strip fin compact heat exchangers were those developed by Wieting [4] and 85% of data used by Wieting were correlated to within ±10% for the Colburn j A basic and simple structure related with electronic assemblies is two elastic layers bonded together with an adhesive, as shown in Appendix A. Dissimilar CTEs of both layers and thermal gradients introduce thermal stresses in the layered structure. Numerous studies were undertaken to investigate interlaminar stresses. An effective approach was based on the beam theory that was originally suggested by Timoshenko [7] , then refined by Chen and Nelson [8] , Suhir [9] , and Jiang et al. [10] . This approach was simple and computationally efficient. The present finned substrate could be simplified as the layered structure in order to understand the causes of thermal stresses and find measures of mitigating them.
Little investigation was reported in the literature dealing with heat transfer models of the heat exchanger with discrete plain fin strips (not connected). This paper gives heat transfer characteristics of the new cooler with two types of fin arrays. An empirical heat transfer model is proposed to correlate experimental data of the fin array cooler with various fin strip gaps. ceramics during the period 1980 -2000 [11] and key breakthroughs to increase thermal conductivity.
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The geometric parameters for the two types of the fin arrays are listed in Table 1 . The length in flow direction was 3.28 mm which was the minimum fin strip length available in the fin supply market.
The fin distance was 1.59 mm/fin. In the group of Fin A type, four fin arrays with the fin strip gaps of 0, 0.13, 0.38 and 1.0 mm were made. In the group of Fin B type, three fin arrays with the fin strip gaps of 0.13, 0.38 and 1.0 mm were made. To reduce the hardware cost, copper plates were used as the substrate for heat transfer test. Figure 2 .5 shows the device for mounting the fin array. To make a unitary fin array without noticeably increasing the bending moment on the substrate, the plain fin strips could be connected with expansion turns. This design concept is shown in Appendix B and is not studied in this report. PAO fluid (a non-toxic and nonflammable synthetic oil) was used as the coolant. The thermophysical properties of PAO is listed in Table 2 . The coolant flow was circulated by a magnetic gear pump at flow rates up to 0.126 L/s (2.0 gpm). The coolant flowed downwards into the cooler, turned 90º to the fin channels, crossed the fin array, and left the cooler at right angles to the substrate.
The coolant flow rate was regulated by a pump control system and measured using a turbine flow meter operating with a signal conditioner. The pressures at the inlet and outlet of the cooler were measured using two pressure sensors. The coolant temperatures at the inlet and outlet of the cooler were measured using two probe thermocouples. The inlet coolant temperature was regulated by the constant temperature bath that supplied cooling water to and from the fin array cooler. The mean temperature of the coolant through the cooler, T l , m , was an arithmetic average of the coolant temperatures at the inlet and outlet of the cooler. Coolant properties were predicted at the mean temperature of the coolant. A heat focusing block made of copper with inserted cartridge heaters was used as heat source. A DC power supply unit was used to provide power for the cartridge resistors. Eight thermocouples were embedded in 0.7 mm holes drilled along two planes in the upper part of the heat focusing block, forming four pairs of thermocouples. The distance between two thermocouples in each pair was 5.1 mm. The heat rate, Q, was calculated using average temperature difference between the two planes where the thermocouples were located, using the distance between the two planes and using the contact area of the intermediate plate. The heater and the cooler were well insulated with fiberfrax.
Ten thermocouples were used to measure the temperatures on the bottom substrate surface. To ( The coolant inlet temperature of 75°C was usually employed for designing electronic cooling devices on board aircraft.
MEASUREMENT UNCERTAINTY
A Hewlett Packard 3852A data acquisition system was used to make all temperature measurements. This device has a resolution of 0.02°C. The data acquisition unit and type T thermocouples were compared to a precision digital resistance temperature device with 0.03°C rated accuracy. The system accuracy was found to be within 0.2°C over the range of interest. In the steady state, the thermocouples fluctuated within 0.2°C.
The accuracy of the distance between two thermocouples in each pair in the heater was within 
where
The heat transfer coefficient, h, was iteratively computed from Eqn.(2) using the experimental data.
Experimental data of heat transfer were expressed as Nu/Pr 1/3 versus Re. They are shown in 
16 It may be seen from Figure 5 . mm. This implies that as it is increased above a certain value, the fin strip gap for the offset fin strip layout helps to rebuild thermal boundary layer adjacent to the fin surfaces downstream from the leading edge of the separated fin strips and consequently increases the heat transfer coefficient. It is exhibited that Wieting's correlation is close to the cases for l g ≤ 0.38 mm. 
CONCLUSIONS
Conclusions of the present investigation are summarized as follows.
♦ Two new types of plain fin arrays formed by offset fin strips and aligned fin strips have been developed in order to mitigate the thermal stress problem found in the integral finned substrate. A cooler for electronics cooling has been designed using these plain fin arrays.
♦ New heat transfer correlations have been obtained for the plain fin array coolers with the offset fin strip layout and with the aligned fin strip layout. The mean absolute error is 3.7% for the former correlation and 6.6% for the latter. The new correlations reflect the variation of the fin strip gap.
♦ In the present Reynolds number range, the correlation by Wieting [4] approximately predicts the current results for the offset fin strip layout with the fin strip gaps smaller than 0.38 mm.
♦ For mass flow rates greater than 0.077 kg/s, the cooler with the offset fin strip layout can transport heat at the heat flux level of 46 W/cm 2 at substrate-to-coolant temperature differences smaller than 37.5°C.
♦ In general, the heat transfer coefficients are 29% to 36% higher for the offset fin strip layout than for the aligned fin strip layout.
RECOMMENDATIONS
♦ Other fluids such as JP fuels and fluorocarbon fluids can be used for test.
♦ Comparison of the present data with data of carbon foam coolers can be made.
♦ Numerical simulation of the thermal performance will be helpful for the understanding of the heat transfer characteristics of the plain fin array coolers.
